The enzymatic activity of CD38, ADP-ribosyl cyclase, synthesizes the calcium mobilizing molecule cyclic ADP-ribose from ␤-NAD. In human airway smooth muscle (HASM) cells, CD38 expression is augmented by the inflammatory cytokine, TNF-␣, causing increased intracellular calcium response to agonists. The transcriptional and posttranscriptional regulation of CD38 expression involves signaling through MAPKs and requires activation of NF-B and activator protein-1 (AP-1). The cytokine-augmented CD38 expression is decreased by anti-inflammatory glucocorticoids due to inhibition of NF-B activation and other mechanisms. In this study, we investigated glucocorticoid regulation of CD38 expression in HASM cells through the MKP-1. In HASM cells, dexamethasone and TNF-␣ induced MKP-1 expression (both mRNA and protein) rapidly. Dexamethasone decreased TNF-␣-induced phosphorylation of the major MAPKs, i.e., ERK, p38, and JNK, and decreased the activation of NF-B and AP-1. Dexamethasone also decreased CD38 expression induced by TNF-␣, and part of this effect was attributable to decreased transcript stability. In cells transfected with MKP-1-specific small interfering RNAs (siRNAs), there was significant attenuation of MKP-1 expression and partial, but nonsignificant, reversal of dexamethasone inhibition of CD38 expression. These results indicate that regulation of CD38 expression in HASM cells by glucocorticoids involves decreased signaling through MAPKs and activation of transcription factors. The glucocorticoid effects on decreased CD38 expression and function result from regulation through transcription and transcript stability. mitogen-activated protein kinases; nuclear factor-B; activator protein-1; adenosine 5Ј-diphosphate-ribosyl cyclase; tumor necrosis factor-␣
. Recent investigations have demonstrated that the anti-inflammatory effects of glucocorticoids may be distinct from the effects on gene transcription and may involve the MAPK pathways (1, 17, 27, 36) . The actions of proinflammatory cytokines such as TNF-␣ involve the transcription factors NF-B and AP-1, and the transcriptional and posttranscriptional changes in gene expression induced by TNF-␣ are mediated by MAPK pathways (48) . MAPKs also regulate the stability of mRNA for several proinflammatory cytokines and agents (6, 11, 20, 21) . Recent evidence suggests that glucocorticoids can induce the expression of a dual specificity phosphatase 1 (DUSP1), also known as MKP-1 (16, 17, 22, 23, 27, 50) . MKP-1 causes dephosphorylation of the activated MAPKs, resulting in their inactivation. Evidence of regulation of gene expression via induction of MKP-1 by glucocorticoids has been reported in a variety of systems (16, 17, 23, 50) . Thus MKP-1 induction is considered as an important anti-inflammatory action of glucocorticoids.
In human airway smooth muscle (HASM) and epithelial cells, TNF-␣ causes transient activation of the major MAPKs, i.e., p38, JNK, and ERK, resulting in the regulated expression of a variety of genes involved in excitation-contraction coupling (18, 22, 23, 32, 35, 37, 46, 49, 52) . We have reported that TNF-␣ upregulates the expression of CD38, which encodes the 45-kDa transmembrane glycoprotein involved in the synthesis of cyclic ADP-ribose (cADPR), a calcium-mobilizing second messenger molecule (13, 14) . This TNF-␣-induced CD38 expression is transcriptionally regulated by NF-B and involves MAPKs (44) . Furthermore, dexamethasone, an anti-inflammatory glucocorticoid, inhibits TNF-␣-induced CD38 expression by inhibiting NF-B activation as well as through NF-Bindependent mechanisms (25) . In the present study, we investigated the role of MKP-1 in the regulation of CD38 expression in HASM cells.
was obtained from Pierce (Rockford, IL). EMSA kit was obtained from Promega (Madison, WI). The nuclear extraction kit was purchased from Active Motif (Carlsbad, CA). SMARTpool small interfering RNA (siRNA) against human MKP-1 and siCONTROL (nontargeting) siRNA were obtained from Dharmacon (Lafayette, CO).
HASM cell culture. The procedures for the isolation and culture of HASM cells are described in earlier publications (12, 13, 25, 44) . Briefly, HASM cells isolated from trachealis muscle were plated at a density of 1.0 ϫ 10 4 cells/cm 2 and cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 g/ml amphotericin B. The cells were growth-arrested for 48 h in arresting medium containing no serum but in the presence of transferrin and insulin. To examine MKP-1 expression, the cells were exposed to dexamethasone (concentration range of 1-1,000 nM) for 1 h and processed for determination of mRNA and protein levels. The cells were also treated with different concentrations of dexamethasone for 1 h followed by TNF-␣ (40 ng/ml) or vehicle (PBS containing 0.1% BSA) for 24 h. At the end of the incubation period, the expression of CD38 by RT-PCR and activity of ADP-ribosyl cyclase by reverse cyclase assay were determined as described below. To measure the activation of MAPKs, the cells were exposed to dexamethasone for 1 h followed by TNF-␣, and the cells were collected at 15, 30, and 60 min for the detection of total and phosphorylated MAPKs.
To inhibit MKP-1 expression, HASM cells were transiently transfected with 200 nM MKP-1-specific SMARTpool siRNA or scrambled siRNA (Dharmacon) using Lipofectamine 2000, following the manufacturer's protocols. The cells were plated 24 h before transfection (50,000 cells/well in 24-well format or 500,000 cells/60-mm Petri dish) in antibiotic-free DMEM supplemented with 10% FBS. Briefly, the siRNA duplexes were diluted in low-serum OptiMEM 1 medium, combined with Lipofectamine 2000, and incubated for 20 min at room temperature to allow for complex formation. The complexes were added to the culture medium, and, 6 -8 h following transfection, the medium was replaced with serum-free arresting medium. After incubation in arresting medium for 48 h, the cells were exposed to 100 nM dexamethasone for 1 h for the determination of MKP-1 expression and MAPK activation. To determine CD38 expression in the cells following MKP-1 silencing, the cells were exposed to 40 ng/ml TNF-␣ for 24 h, and CD38 expression was determined by RT-PCR (see below).
RT-PCR. CD38 expression was determined by RT-PCR as described in earlier publications (12, 13, 15, 25, 44) . Total cellular RNA was isolated with TRIzol from control cells or cells treated with TNF-␣ in the presence or absence of different concentrations of dexamethasone. RNA was quantified, and equal amounts from the different samples were used in the RT reaction using SuperScript III RT. Human CD38, MKP-1, and GAPDH were amplified using the following primer sets: CDUP99F (5Ј-ACAAACCCTGCTGCCG-GCTCTC-3Ј) and CDUP99R (5Ј-GCATCGCGCCAGGACGGTCT-3Ј); MKP-1F (5Ј-GAAGGACATTTGGGCTGTGT-3Ј)and MKP-1R (5Ј-CGTTGAAAGCGAAGAAGGAG-3Ј); and GAPDHF (5Ј-GAAGGGAAGGTCGGAGTC-3Ј) and GAPDHR (5Ј-GAAGATG GTGATGGGATTTC-3Ј) for GAPDH as internal controls. The PCR was performed under the following conditions: 94°C for 3 min of denaturing, 30 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 45 s, and a final extension at 72°C for 10 min. The PCR products were separated on 1.2% agarose gel and identified by ethidium bromide staining. The band intensity of scanned gel photograph was determined using LabWorks image acquisition and analysis software (UVP, Upland, CA), and CD38 expression was normalized to GAPDH expression for the corresponding sample.
Reverse cyclase assay. The ADP-ribosyl cyclase activity of HASM cell lysates was quantified by measuring the reverse cyclase activity of CD38 with modifications (19) . HASM cell lysates containing 20 g of protein were incubated for 2 h at 37°C with or without 10 mM nicotinamide in the presence of 0.45 mM cyclic-ADP ribose in a total volume of 50 l. The reverse cyclase reaction was stopped by adding 25 l of 1 M HCl, vacuum-filtered through a protein-binding membrane (0.45 m, Immobilon; Millipore), and neutralized with 15 l of 2 M Tris base, and the NAD in the filtrate was quantified by a cycling reaction. The filtrate (40 l) was incubated with equal volume of reagent containing 2 M rezasurin, 0.76% vol/vol ethanol, 4 M flavin mononucleotide, 40 g/ml alcohol dehydrogenase, and 0.04 U/ml diaphorase in NaH2PO4/Na2HPO4 buffer, pH 8.0, at room temperature. The NAD fluorescence was quantified (excitation at 544 nm and emission at 590 nm) in a fluorometer (FLUOstar Galaxy, BMG LABTECH), and the rate of emission of fluorescence was calculated. The quantity of NAD generated in the reaction was calculated from known NAD standards using a standard curve and expressed as femtomoles of NAD per hour per milligram of total protein.
Western blot detection. For Western blot detection of the phosphoc-Jun, MKP-1, and phospho-MAPKs, whole cell lysates with equal amount of protein were fractionated on 4 -15% gradient gels, and the proteins were transferred electrophoretically onto a polyvinylidene difluoride membrane. For immunostaining, the membranes were blocked in PBS containing 1% milk diluent (KPL, Gaithersburg, MD) and 0.05% Tween-20 for 30 min. Membranes were incubated with primary antibody for phospho-c-Jun, MKP-1, phospho-p44/42, phospho-JNK, or phospho-p38 and then in goat-anti-rabbit IgG conjugated with horseradish peroxidase for 1 h. The membrane was stripped and reprobed with antibodies for c-Jun and p44/42, JNK, p38 MAPKs followed by goat-anti-rabbit IgG conjugated with horseradish peroxidase for 1 h. The signals were visualized on X-ray film after the application of chemiluminescence SuperSignal West Dura Extended Duration Substrate (Pierce).
Nuclear protein extraction. For the preparation of nuclear extracts, HASM cells were grown to confluence, washed with ice-cold PBS containing phosphatase inhibitors, and scraped in the same buffer. The cell pellets obtained by centrifugation were resuspended in 500 l of 1ϫ hypotonic buffer by pipetting several times, transferred to a prechilled microcentrifuge tube, and incubated for 15 min on ice. Twenty-five microliters of detergent was added, vortexed for 10 s, and centrifuged at 14,000 g for 30 s at 4°C. The nuclear pellet was resuspended in 50 l of complete lysis buffer, vortexed, and incubated on ice for 30 min, vortexed briefly, and centrifuged at 14,000 g for 10 min at 4°C. Protein concentration in the nuclear extract was quantitated using the Bradford protein assay kit (Bio-Rad, Hercules, CA).
EMSA. EMSA was performed as described in an earlier publication (25) . The double-stranded oligonucleotides containing the consensus binding sites for NF-B (5Ј-AGTTGA GGGGACTTTCCCAGGC-3Ј) and one of the putative binding sites for AP-1 that exhibits very strong binding on exposure to TNF-␣ (AP-1 site 4 in the cd38 promoter, referred to as AP-1-4; 5Ј-ATCATCTTTGACTCATCTCTTTC-3Ј) were labeled with [␥-
32 P]ATP (3,000 Ci/mmol at 10 mCi/ml) by T4 Polynucleotide Kinase (Promega). Five micrograms of the nuclear extract was incubated for 30 min at room temperature with 0.4 pmol of double-stranded 32 P-labeled oligonucleotide containing the consensus binding sites in a total volume of 10 l in the following buffer: 20% glycerol, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 50 mM Tris ⅐ HCl (pH 7.5), and 0.25 mg/ml poly(dI-dC). The samples were separated on nonreducing 4% polyacrylamide gels using 0.5 M TBE buffer (107.8 g of Tris base, 55 g of boric acid, and 7.44 g of disodium EDTA ⅐ 2H2O in 1 l of water). The gels were dried and autoradiographed with intensifying screens at Ϫ70°C. A 100-fold excess of unlabeled NF-B or AP-1 probe or the SP1 probe as a nonspecific competitor was used to confirm specificity of binding of nuclear proteins.
mRNA stability determination. HASM cells were treated with TNF-␣ for 12 h and incubated for an additional 12 h in the absence of TNF-␣ but in the presence of 5 g/ml actinomycin D to arrest further transcription. Dexamethasone was added 30 min before the addition of TNF-␣. CD38 expression was determined as described above at various time points (0 min, 15 min, 30 min, 1 h, 2 h, and 6 h) following the arrest of transcription.
Statistical analysis. HASM cells from at least three different donors were used in the studies. The EMSA experiments were repeated three times. The quantitative PCR results and ADP-ribosyl cyclase activities in the various samples were compared by one-way ANOVA with Bonferroni test for multiple comparisons. Statistical analyses were done using the GraphPad Prism software. Two means were considered significantly different when P was Յ0.05.
RESULTS

Effect of dexamethasone on MKP-1 expression and activation of MAPKs.
In many cells, deactivation of MAPKs is mediated by MAPK phosphatases such as MKP-1 (17, 22, 27, 50) . To investigate whether dexamethasone regulates the expression of MKP-1 in HASM cells, the expression of MKP-1 mRNA and protein were determined following exposure to different concentrations (1-1,000 nM) of dexamethasone. MKP-1 protein expression in the presence of TNF-␣ and/or dexamethasone was normalized to the level expressed constitutively in the cells. MKP-1 mRNA levels increased following treatment with dexamethasone in as early as 1 h (Fig. 1) . This increase was seen even at the lowest concentration (1 nM) of dexamethasone used in the study. There was significant increase in the MKP-1 protein expression in cells treated with TNF-␣ and dexamethasone compared with levels in untreated control cells (Fig. 1) . To determine whether the induction of MKP-1 by dexamethasone resulted in decreased activation of the MAPKs, we measured the phosphorylation of ERK (p42/ 44), JNK, and p38 MAPKs in HASM cells following exposure to TNF-␣. TNF-␣-induced activation of the MAPKs was decreased in a concentration-dependent manner by dexamethasone (Fig. 2, A and B) . Inhibition of p38 and JNK MAPK phosphorylation occurred at a dexamethasone concentration of 1 nM, whereas a significant and consistent decrease in the phosphorylation of ERK occurred at a dexamethasone concentration of Ն10 nM, suggesting a differential sensitivity of the MAPKs to the effects of glucocorticoids in HASM cells.
Effect of dexamethasone on activation of NF-B and AP-1 and CD38 expression and activity. MAPK-mediated changes in the profile of gene expression involve transcription factors such as NF-B and AP-1 (18) . In HASM cells, MAPKmediated regulation of CD38 expression involves NF-B and AP-1 (44) . Sequence analysis of the promoter region of the cd38 gene reveals one NF-B and several AP-1 binding motifs. In preliminary studies, we noticed that the binding of nuclear proteins obtained from TNF-␣-treated HASM cells to one of the cd38 putative AP-1 sites (referred to as AP-1-4) was very strong compared with binding to the other AP-1 sites. To investigate whether the induction of MKP-1 expression by dexamethasone has an effect on the activation of NF-B and AP-1, we measured the binding of nuclear proteins to oligonucleotides encoding the consensus NF-B and the putative cd38 AP-1-4 binding sequences (Fig. 3, A and B) . Nuclear proteins were obtained from cells exposed to TNF-␣ in the presence of various concentrations of dexamethasone (1-1,000 nM). TNF-␣ increased the binding of nuclear proteins to the consensus NF-B and the AP-1-4 oligonucleotides, which was inhibited by dexamethasone (Fig. 3) . The decreased activation of NF-B and AP-1 was evident at a dexamethasone concentration of Ն10 nM. Dexamethasone decreased TNF-␣-induced CD38 expression and ADP-ribosyl cyclase activity in a concentration-dependent fashion (Fig. 4, A and B) . The decrease in the CD38 mRNA level was evident even at a dexamethasone concentration of 1 nM.
Density units
In cells transiently transfected with the MKP-1 SMARTpool siRNA, there was a significant reduction (P ' 0.05; n ϭ 6) in MKP-1 expression following exposure to dexamethasone and/or TNF-␣ compared with expression in cells transfected with the nontargeting siRNA (Fig. 5A ). In the MKP-1 siRNAtransfected HASM cells, there was a partial nonsignificant reversal of the inhibitory effect of dexamethasone on TNF-␣-induced CD38 expression (Fig. 5B) .
Effect of dexamethasone on mRNA stability. In addition to its role in the transcriptional regulation of gene expression, MAPKs exert posttranscriptional control through transcript stability (6, 11, 20, 21, 44) . We assessed the effect of dexamethasone on CD38 transcript stability following its induction with TNF-␣. Cells were exposed initially to TNF-␣ in the absence or presence of dexamethasone, and CD38 expression was determined at different times following the arrest of transcription with actinomycin D. In TNF-␣-treated cells, the CD38 mRNA level was maintained at or above basal levels over the 6-h period following the removal of TNF-␣ (Fig. 6) . The transcript level decreased in as early as 1 h in cells treated with dexamethasone (Fig. 6) . These results suggest that regulation of CD38 expression in HASM cells by glucocorticoids occurs through both transcriptional and posttranscriptional mechanisms.
DISCUSSION
In the present study, we investigated the role of the MKP-1 in the regulation of CD38 expression. In HASM cells, treatment with dexamethasone resulted in a significant and rapid increase in the expression of MKP-1. TNF-␣ also increased MKP-1 expression, and, in the combined presence of TNF-␣ and dexamethasone, MKP-1 expression increased further but comparable to that seen in the presence of TNF-␣ alone. The increased MKP-1 expression induced by dexamethasone was associated with decreased activation of all three MAPKs with a significant reduction in the expression of CD38 and ADPribosyl cyclase activity. Dexamethasone decreased the TNF-␣-induced activation of NF-B and AP-1. In the presence of dexamethasone, the CD38 transcript levels also declined compared with temporal controls. These results provide evidence that glucocorticoids inhibit CD38 expression in airway smooth muscle cells by decreasing MAPK activation resulting from the induction of MKP-1. Reduction of MKP-1 expression through siRNA only partially reversed the inhibitory effect of dexamethasone on CD38 expression induced by TNF-␣. The inhibitory effects of glucocorticoids on CD38 expression through . A nonspecific oligonucleotide probe (SP1) was used as an internal control. A: a representative EMSA for NF-B binding to consensus oligonucleotide sequences. Note increased NF-B activation by TNF-␣, which is decreased in the presence of dexamethasone (at Ն100 nM) (vertical arrows). Note gel supershift in the presence of anti-p65 and -p50 antibodies (labeled p65 and p50), demonstrating specificity of the assay (horizontal arrows). B: a representative EMSA for AP-1 binding to cd38 putative oligonucleotide sequences. Note increased AP-1 activation by TNF-␣, which is decreased by dexamethasone (at Ն10 nM) (vertical arrows). Note gel supershift in the presence of anti-c-Jun antibody (labeled Jun) (horizontal arrow). These results are representative of 4 experiments. T, TNF-␣. FP, Free Probe.
the induction of MKP-1 result from decreased NF-B-and AP-1-dependent transcription and through CD38 transcript stability.
Glucocorticoids are used in the treatment of many airway inflammatory conditions including asthma (3, 4, 9) . The effects of glucocorticoids in regulating the expression of genes involve the glucocorticoid receptor (GR) (5) . Binding of glucocorticoid to its receptor results in the translocation of the GR complex to the nucleus where it acts as a transcription factor or as an inhibitor of other transcription factors, such as NF-B or AP-1 (7, 24, 28, 31, 41, 51) . With respect to CD38, sequence analysis of a cloned putative 3-kb promoter fragment of the human cd38 reveals several transcription factor binding sites (GenBank acc. no. DQ091293). We have identified at least six putative AP-1 binding sites scattered throughout the proximal promoter region and one NF-B site. In addition, there are four GREs in the promoter region. Other reports from the human and rabbit cd38 confirm the presence of some of these transcription factor binding sites in the promoter (42) . The presence of these response elements provides a basis for the direct transcriptional regulation of CD38 expression in HASM cells. Previous studies have shown that TNF-␣-induced CD38 expression is decreased in a concentration-dependent manner by the anti-inflammatory glucocorticoid dexamethasone (25) . This inhibition involves decreased NF-B activation following exposure to TNF-␣. The decreased NF-B activation results from a multitude of mechanisms, including increased expression of the inhibitory molecule IB. Other studies have reported induction of GR-␤, a dominant negative GR, by a combination of cytokines, resulting in glucocorticoid resistance to CD38 expression in HASM cells (45) . Although these studies provide evidence for direct transcriptional regulation of CD38 expression in HASM cells by glucocorticoids, the results of the present study demonstrate another mechanism of regulation that involves the induction of MKP-1 (see below). The consequence of this induction is evident at both transcriptional (activation of transcription factors) and posttranscriptional (transcript stability) levels. It is worth noting that dexamethasone inhibits TNF-␣-induced CD38 mRNA expression at very low concentrations, whereas inhibition of NF-B and AP-1 activation occurs at relatively high dexamethasone concentrations.
A concept of "nontranscriptional" anti-inflammatory action of glucocorticoids has been proposed in which the effects of glucocorticoids on repression of gene transcription are achieved without the direct action of GR on the target gene (30) . Dexamethasone induces the expression of MKP-1, a dual specificity phosphatase that inactivates MAPKs in different cell types (16, 22, 27, 29, 50) . MAPKs are inactivated by dephosphorylation of the phosphothreonine and/or phosphotyrosine residues in their catalytic domain. Phosphatases that inactivate MAPKs seem to exert their effects on the magnitude and duration of MAPK activation, their subcellular distribution, and the phosphorylation of specific substrates (33, 34, 47) . There are at least 10 mammalian MKPs, and among them MKP-1 has been studied extensively (43) . Dexamethasone causes the induction of MKP-1 by binding to the promoter sites of MKP-1 (27) . The target of MKP-1 action on MAPKs appears to depend on the cell type. In this context, Furst et al. (17) demonstrated that, in the presence of dexamethasone, TNF-␣-induced E-selectin expression in the human endothelial cells is inhibited by MKP-1-mediated inactivation of p38 MAPK. On the other hand, in U937 cells, a breast cancer cell line, MKP-1 inactivates both p38 and JNK MAPKs (16) . In a recent study, Issa et al. (22) demonstrated the selective inhibition of JNK activation by glucocorticoids, resulting in inhibition of growth-related oncogene protein-␣ expression induced by IL-1␤ and TNF-␣ in HASM cells. In our study, we found that dexamethasone decreases the activation of all three MAPKs induced by TNF-␣ at relatively low concentrations.
There are three distinct members of MAPKs, ERK (also called ERK MAPK), p38 MAPK, and JNK (8, 10, 18, 26) . Activation of the MAPKs by TNF-␣ can cause the nuclear translocation and activation of AP-1 and NF-B (48). Once activated, MAPKs regulate gene expression both at transcriptional and posttranscriptional levels. Our recent study demonstrated that TNF-␣ increases CD38 expression through the activation of MAPKs (44) . This results in transcriptional regulation of CD38 expression involving p38 and JNK MAPKs and NF-B and AP-1 and transcript stability involving the p38 and ERK MAPKs. In the present study, we have provided evidence that dexamethasone decreases CD38 expression by inducing the MKP-1 and thereby decreasing the activation of the MAPKs. This inhibition is evident even at the lowest dexamethasone concentration used in the study (1 nM), a concentration that caused significant dephosphorylation of p38 and JNK MAPKs. The consequence of this regulation involves control of gene expression through transcriptional and posttranscriptional (transcript stability) mechanisms. It is likely that the regulation of CD38 expression by glucocorticoids at low concentrations results from transcript stability and is mediated largely through the p38 MAPK. This conclusion is based on the fact that inhibition of transcription factor activation requires high dexamethasone concentrations. A surprising finding of the present studies is that MKP-1 knockdown by siRNA did not significantly reverse the inhibitory effects of dexamethasone on CD38 expression. It is likely that the level of downregulation achieved in these studies by transient transfection is not sufficient. This is also reflected by the fact that TNF-␣-induced activation of the p38 and ERK MAPKs was diminished but still present in these cells following transfection with the MKP-1 siRNA (data not shown). The results of the present study provide evidence for regulation of CD38 expression in HASM cells by transcriptional and posttranscriptional (stability) mechanisms involving activation of the MAPKs. However, our studies have not provided a direct link between induction of MKP-1 by glucocorticoids and inhibition of CD38 expression since downregulation of MKP-1 expression did not result in the expected reversal of the effects of dexamethasone. These results also do not rule out the contribution of other transcription factor(s) in the regulation of CD38 expression in HASM cells.
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